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Table I. Refined structure parameter at RT using X-ray powder-diffraction 
data of Fig. 1 . Number in parenthesis is standard deviation of the last digit. 
Values of B are fixed for 48/(0), and 86(0'). 
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Magnetic systems with geometric frustration, a prototype 
of which is antiferromagnetically coupled Ising spins on a tri- 
angle, have been intensively studied experimentally and theo- 
retically for decades. 1 ' Spin systems on networks of triangles 
or tetrahedra, such as triangular, 2 ' kagome, 3 ' and pyrochlore 4 ' 
lattices, play major roles in these studies. Subjects that have 
fascinated many investigators in recent years are classical and 
quantum spin-liquid states, 5,6 ' where conventional long-range 
order (LRO) is suppressed to very low temperatures. Quantum 
spin-liquids in particular have been challenging both theoret- 
ically and experimentally since the proposal of the resonat- 
ing valence-bond state. 7 ' The spin ice materials, R2T2O7 (R = 
Dy, Ho; T = Ti, Sn), are the well-known classical examples, 8 ' 
while other experimental candidates found recently are await- 
ing further studies. 6 ' 

Among frustrated magnetic pyrochlore oxides, 4 ' Tb2Ti207 
has attracted much attention because it does not show any 
conventional LRO down to 50 mK and remains in a dy- 
namic spin-liquid state. 9 - 10 ' Theoretical considerations of the 
crystal-field states of Tb 3+ and exchange and dipolar inter- 
actions of the system 1 '~ 13 ' showed that it should undergo a 
transition into a conventional magnetic LRO state at about 
T ~ 1.8 K within a random phase approximation. 13 ' The puz- 
zling origin of the spin-liquid state has been in debate. 4 ' An 
interesting scenario to explain the spin-liquid state is the the- 
oretical proposal of a quantum spin-ice state. 14 ' 

Recently we have pointed out 15 ' that several experimental 
puzzles of Tb2Ti207 originate from difficulty of controlling 
quality of crystalline samples, 1116 ' 17 ' and that experiments 
on polycrystalline samples provided consistent evidence of 
the spin-liquid state. In addition, we have performed neutron 
scattering and specific heat experiments on polycrystalline 
samples, 15 ' and have found that there should be a overlooked 
cross-over temperature at T ~ 0.4 K for the polycrystalline 
sample used in the seminal work 9 ' 10 ' of the spin-liquid state 
of Tb-^h^i- The spin-liquid ground-state does have quantum 
spin-fluctuations. I5 ' 

The purpose of the present study is to check whether a 
well-characterized polycrystalline sample shows the anoma- 
lous negative thermal-expansion below 20 K, which was in- 
triguingly reported for a crystal sample. 18 ' This anomalous 
behavior was observed simultaneously with the broadening of 
the Bragg peaks, which could be attributed to cubic-tetragonal 
structural fluctuations brought about by a magneto-elastic 
coupling. 18 ~ 20 ' In connection with these anomalies, another 
mechanism of the spin-liquid state was proposed, where the 
crystal field ground doublet becomes two singlets owing to 
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Fig. 2. (Color online) Temperature dependence of 8-26 scans around 
(8,8,0) reflection using the powder sample. 



the tetragonal distortion. 21 ' We have measured temperature 
dependence of the lattice constant a(T) on a polycrystalline 
sample very precisely down to T — 4 K, but did not observe 
the negative thermal-expansion. 

A polycrystalline sample of Tb2Ti207 was prepared by 
the standard solid-state reaction. 9 ' Stoichiometric mixtures of 
TbbOs and Ti02 were heated in air at 1350 °C for several 
days with intermittent grindings to ensure a complete reac- 
tion. It was ground into powder and annealed in air at 800°C 
for one day. The specific heat of this sample is the same as 
that reported in ref. 15. X-ray powder-diffraction experiments 
were carried out using a RIGAKU-SmartLab powder diffrac- 
tometer equipped with a Cu K„i monochromator. The sample 
was mounted in a closed-cycle He-gas refrigerator. 

To study the sample quality, we analyzed an X-ray powder- 
diffraction pattern taken at a room temperature (RT) by us- 
ing the Rietveld profile refinement program RIETAN-97. 22 ' 
It was shown that the powder pattern is consistent with the 
fully ordered cubic pyrochlore structure. In Fig. 1 we show 
the diffraction pattern and its analysis. The pyrochlore struc- 
ture belongs to the space group Fd3m, and constituent atoms 
occupy the sites of 16d(Tb), 16c(Ti), 48/(0), and 8Z>(0'). The 
refined structure parameters are listed in Table I, which agree 
well with those obtained by the previous neutron powder- 
diffraction experiments. 23 ' The final R factors of the refine- 
ment are R wp = 8.1 % and R e = 7.5 % (S =1.1), implying 
that the quality of the fit is very good. 

In order to measure T dependence of the lattice constant 
a(T), we performed 9-29 scans around the (8,8,0) reflection in 
a temperature range between 4 and 120 K. In Fig. 2 we show 
the scans plotted as a function of 29. One can see that the 
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Fig. 1. (Color online) X-ray powder-diffraction pattern of Tb^Ti^Ov at room temperature. Observed and calculated patterns are denoted by closed circles 
and a solid line, respectively. Their difference is plotted in lower part by a dashed line. Vertical bars stand for positions of Bragg reflections. 
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Fig. 3. (Color online) Temperature dependence of the lattice constant nor- 
malized at T = 20 K of the powder sample and the previous measurement 
using a crystal sample. 18 ' The inset shows normal positive and anomalous 
negative lattice-expansion below T < 20 K of the powder and crystal sam- 
ples, respectively. 



peak positions are determined within a very small experimen- 
tal error of 0.001 degrees. By converting the peak position to 
the lattice constant, we show Aa(T)/a(20K), where Aa(T) = 
a(T) - o(20K), in Fig. 3 together with the previous experi- 
mental data of a crystal sample (Fig. 4 of ref. 18). The powder 
sample shows the same T dependence of Aa(T)/a(20K) as the 
crystal above 20 K. However below 20 K the powder sample 
shows only normal positive thermal-expansion. We speculate 
that unknown control parameters of quality of crystals affects 
the anomalous negative thermal-expansion of the crystalline 
sample. 18 ' The present result implies that the spin-liquid state 
established by experiments on polycrystalline samples 9 ' I0 ' 15) 
cannot be simply explained by the two-singlets mechanism 
based on the tetragonal distortion. 21 ' 
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